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1 . 


INTRODUCTION 


During the past five years, mass spectrometer instrumentation for planetary 
atmospheric analysis has been under development by Perkin-Elmer Aerospace Systems 
for NASA-GSFC. Under Contract NAS5-3453, the development of a Specialized 
Quadrupole Mass Spectrometer has been documented.^" This report covers the 
period since the conclusion of Contract NAS5-3453, and deals with the continued 
research and development performed to upgrade the instrumentation toward flight 
hardware. In general, the final configurations of the previous contract were 
modified to provide for more stable alignments and ease of manufacture. The 
analytical design, however, remained unchanged. 
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2 . 


OBJECTIVES 


This program was originally undertaken to fabricate and test a Specialized Quad- 
rupole Mass Spectrometer having a dual filament ion source. These items are 
described in the final report ^ on Contract NAS5-3453 in the section covering 
Phase III. Additionally, a high pressure ion source was to be fabricated and 
tested. This ion source is described in another final report 2 generated for 
the NAS5-3453 complex. During the course of the original program, a study 
was added to evaluate the performance of a previously fabricated quadrupole 
analyzer when fitted with a set of hyperbolic surfaces in place of the pre- 
viously used cylindrical rods. The results of this study effort have been 
documented and submitted as a final report 3 under Contract NAS5-11045. 

Further modifications to the original program consisted of the mechanical repair 
of the OGO-F Quadrupole Mass Spectrometer, serial number 1, which was damaged 
at GSFC when the vibration test table ran away during environmental testing of 
the instrument. Mechanical repair was also undertaken to completely safety 
wire all mounting screws within the Quadrupole Mass Analyzer originally built 
under this contract. 

The final modification to the contract involved the fabrication and test of a 
Specialized Quadrupole Mass Spectrometer utilizing hyperbolically contoured 
rods and a high pressure ion source. 
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3. 


DESIGN-PHASE IVA 


The basic design of the Specialized Quadrupole Mass Spectrometer was performed 
under Contract NAS5-3453. During the initial phase of this contract, no new 
design and development was generated. However, some effort was undertaken to 
improve the machinability , accuracy of alignment, and overall assembly of the 
instrument parts. Phase III testing of the NAS5-3453 mass spectrometer demon- 
strated that alignment of the quadrupole rods, with respect to each other, is a 
very critical control parameter, when attempting to achieve the theoretical 
performance of the analyzer. In order to improve this alignment, and improve 
the manufacture of the rods, a third support between the rod halves was added. 
This new support position is shown in Figure 3-1. The multiplier housing was 
redesigned to incorporate a welded plate to seal the end, rather than machining 
the complete housing from solid stock. This change was incorporated in order to 
reduce the probability of vacuum leaks occurring through the granular structure 
of the material. Utilization of an end plate changes the grain orientation such 
that it is not in the direction between the vacuum and atmospheric pressure 
sides, as was the case in the earlier design. Originally, a calibration grid 
system was installed in the multiplier housing as was done in the Phase III 
instrument of NAS5-3453. Under technical direction from GSFC, this grid system 
was removed, leaving only the einzel lenses placed between the quadrupole rods 
and the electron multiplier. The multiplier assembly then became virtually 
identical to those built under Contract NAS5-9328 for the Atmospheric Quadrupole 
Mass Spectrometer sensor of the OGO-F satellite. 

Slight mechanical modifications were also incorporated in the design of the high 
pressure ion source. All but one of these modifications were made to improve the 
manufacturability of the parts. One major design change was the shortening of 
the length of the filament. This was done in order to reduce the degree of 
filament sag which was observed in the test model built under NAS5-3453. The 
filament length was reduced from 0.440 inch to 0.250 inch in order to maintain 
alignment in front of the 0.002 by 0.020 inch electron entrance aperture. 
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4. 


TEST RESULTS-PEA.SE 1VA 


The test results for the original Quadrupole Mass Spectrometer built under this 
contract, hereafter referred to as the serial number 4A analyzer, were docu- 
mented and shipped with the instrument, following acceptance tests xtfitnessed by 
a GSFC representative. This instrument utilized the dual filament ion source. 

Operation of this instrument was superior to that obtained in the earlier 
instruments built under NAS5-3453, In particular, the resolution and peak 
top-to-base ratios obtained indicated a higher degree of performance than could 
be obtained from the earlier instruments. A typical mass spectra obtained 
without the electron multiplier in operation is shown in Figure 4-1. This scan 
illustrates a resolution of Am/m = 1/33 and a peak top-to-base ratio of 44 per- 
cent. This compares with resolutions of between 1/20 and 1/25 for comparable 
top-to-base ratios obtained from the NAS5-3453 Phase III and NAS5-9328 instru- 
ments. Operation with the electron multiplier showed large gliches across the 
top of the peak, which were due to the presence of the calibration grids in 
the multiplier housing. Following technical direction from GSFC, these grids 
x^ere removed and further testing performed, 

A typical scan of the m/e 28 and 32 spectra, following removal of the grids, 
is shox-m in Figure 4-2, giving a resolution of Am/m = 1/28 and a top-to-base 
ratio of 46 percent. 

From the data taken on the serial number 4A analyzer, the center rod support 
and alignment improvement gained, appeared to significantly increase the 
potential performance of the system over those previously built. 

The high pressure ion source originally built under this contract was fully 
tested using the serial number 2A Quadrupole Mass Spectrometer built under the 
NAS5-3453 program. As with the serial number 4A analyzer testing, a data book 
including the test data taken was shipped with the instrument. This ion source 
demonstrated a sensitivity of about 3.5 x 10“9 amperes/torr for a nitrogen sample 
when monitoring the m/e 28 peak in the mass spectrometer. It x^as tested over 
the pressure range of 1 x 10“3 to 1 x 10"! torr and maintained linearity as 
the original test model had indicated in the NAS5-3453 program. Difficulties 
xtfere experienced during this test program, which were created by oil contami- 
nation of the ionizing region. This x<ras due to oil diffusion pumping on the 
sample inlet system. This necessitated frequent cleaning of the ion source 
and created instabilities during the course of the test program. The new design, 
incorporating the shorter filament, improved the stability of the emission system 
whereby reliable and repeatable settings of the emission current reaching the 
anode could be maintained. 
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QUADRUPOLE RESOLUTION 
S/N 4A ANALYZER 
MEASUREMENT TAKEN AT INPUT 
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FIGURE 4-1. Quadrupole Resolution Without Multiplier. 



QUADRUPOLE RESOLUTION 
S/N 4A ANALYZER 
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FIGURE 4-2. Quadrupole Resolution With Multiplier. 



5. 


DESIGN-PHASE IVB 


The design activity of the Phase IVB program was centered about designing a set 
of high precision hyperbolically contoured quadrupole rods which would be 
tested in a new instrument equipped with a high pressure ion source and an 
electron multiplier. These quadrupole rods would also be fabricated and 
assembled such that very precise alignment of the rods would be guaranteed. 

The design of the hyperbolic rods and associated mounting was performed on the 
basis of interchangeability with the existing cylindrical rod design without 
modification of the quadrupole housing. No particular effort was made to 
obtain minimum weight. 

The design requirements presented four major problem areas: 

a. Investigation of materials that had the required physical and struc- 
tural properties, long-term stability, and would be stable at 
elevated temperatures. 

b. Design and mounting of the rods that assured achievement of the 
final alignment and manufacturability of the rods to the specified 
tolerances . 

c. Locating a vendor who would be able to manufacture the rods. 

d. Assembly and alignment of the rods. 

5.1 MATERIAL INVESTIGATION 

A metallurgist ^ was consulted to aid in the selection of a suitable material. 
The various properties required of the material are listed in Figure 5-1 which 
was used for evaluating typical alloys in several basic compositions of corro- 
sion resisting alloys, stainless steels, binary alloys, and a list of elements 
which have low vapor pressures. Nonmetallic materials, plated with a conduc- 
tive coating, were not considered because this approach could result in devel- 
opmental problems not compatible with the urgency of the schedule commitment. 

A metallic material of proven performance, amenable to plating, if necessary, 
was considered the search objective. 

It was established that the rods would not be a structural highly stressed 
member; the only stresses would result from attachments and the weight of the 
rods under gravitational and acceleration loading. In addition, the maximum 
thermal environment would be a 24 to 72 hour bakeout at 750°F in a vacuum for 
a maximum total of approximately 100 cycles. 
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FIGURE 5-1 


Materials Evaluation 




In assessing the time-temperature-stress conditions prevailing, it was estab- 
lished that relaxation by creep would not take place because the temperature 
was too low when considered in relation to the comparatively unstressed condi- 
tion of the part. For example, to produce a 0,1 percent creep at 800°F in 316 
stainless steel, a sustained stress of 40,000 pounds per square inch would have 
to be applied for 1,000 hours at 800°C. 

It was found that Monel Alloy 404 (International Nickel Co,) will provide 
satisfactory service for the intended application in the subject part. Type 
316L stainless steel is also satisfactory for the application; however, this 
low carbon variety was available only in the air melted stock. Therefore, 
the hyperbolic rods were fabricated from vacuum melt Monel 404, 

Many more binary and ternary alloys could be reviewed; however, the two 
selected have a history of reliable service under conditions somewhat similar 
to the requirements, and the materials are readily available. 

In considering the property requirements listed in Figure 5-1, the stability 
of the material after the 30 to 7,000 hours at 750°F was a primary considera- 
tion. Precipitation reactions, even at 750°F in alloys of complex chemistry, 
such as the heat resisting stainless varieties, could result in minor dimen- 
sional change. 

The recommended alloy. Monel 404, is melted with pure metal additions, instead 
of the inclusion of scrap in the charge. Consequently, the trace elements, in 
addition to the basic chemistry listed, would be gold or platinum which are not 
reactive. 

Considerable service data is available for 316 stainless steel at elevated 
temperatures, which reveals its long-term stability. The low carbon variety 
316L was recommended to preclude precipitation of carbides at the grain boun- 
daries during slow furnace cool following the 1650°F vacuum anneal required to 
remove 100 percent of the fabrication stresses. 

The following processing procedures for the rods was established. 

a. Technical Bulletin T-12 from the International Nickel Company 
provides specific machining data. 

b. The part would be machined to within *0,005 inch and then completely 
stress-relieved by thermal means, that is, suspending vertically in 
a vacuum furnace cooled slowly in the furnace with power-off but 
vacuum-maintained . 

(1) Monel Alloy 404, 1025°F *25 - 2 hours 

(2) Type 316L Stainless Steel, 1650°F *15° - 2 hours 
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5.2 DESIGN AND MOUNTING 


The design utilizes the same r G = 0.200 inch of the hyperbolic contour as used 
in the design under Contract NAS5-34533. The basic criteria was to design a 
rod assembly with a minimum tolerance buildup in the rod assembly. This was 
achieved by the following method. The rods were designed as shown in Figure 5-2. 

The idea was to start out with precision-ground square rods to establish the 
mounting surfaces . The hyperbolic contour could then be generated at one of 
the corners. The corner opposite the hyperbola was machined off to remove 
unnecessary material. 

Precision Ruby washers were placed between the rods which allowed the hyperbolic 
contour of the rods to be spaced precisely as shown in Figure 5-3. A tolerance 
analysis revealed that a rod spacing within +0.00025 inch will be achieved after 
alignment, which will be discussed in a later paragraph. The four rods were 
mounted to each other with No. 3-48 NC screws. 

This rod assembly was mounted between two mounting rings and isolated by ruby 
washers. One ring was hard-mounted to the mounting tabs of the existing quad- 
rupole housing. The other ring was machined to match the housing bore for a 
good slipfit. This allowed the rod assembly to expand which is necessary due 
to the different coefficient of expansion of the rod and housing materials 
without introducing bending stresses to the rods. The ion source was attached 
to the free ring and the nozzle adjusted to the center of the rod assembly 
within 0.0002 inch as in the previous round rod design. 

5 . 3 VENDOR SEARCH 


A nationwide search was conducted to find a vendor who could machine the rods to 
the specified tolerances, which border on the state-of-the-art in machining. 

Out of 16 companies contacted, 14 no-bids were received. Two companies bid and 
each took exceptions to the flatness callout of 0.0001 inch over the full 
length of the rods. One vendor guaranteed a flatness of 0.0005 inch with best 
effort to achieve 0.0001 inch, and the other quoted flatness within 0.001 inch. 
It was decided to award each vendor a contract to build a set of six rods sine© 
the manufacturing approaches differed substantially. 

The first vendor took the following approach: A 50:1 layout of the hyperbola 
was drawn with a very hard and sharp pencil onto a glass plate by using 128 
X-Y coordinate points. This glass plate was mounted to the optical attachment 
of a visa-grinder. The premachined rod was attached on the back side to a 
precision gauge block to assure flatness. The gauge block was then attached 
to the table of the grinding machine. The rod and grinding wheel formed an 
image optically on the glass plate. The grinding wheel was adjusted visually 
to the 50:1 layout after each length cut until the hyperbolic contour was 
completed. Prior to removal of the last 0.010 inch material, a stress relief 
as described in the material investigation paragraph was performed. It was 
predicted that by removing the machining stresses a distortion of about 0.005 
might occur. The actual deformation turned out to be 0.003 inch which was 
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RUBY SPACER 


FIGURE 5-3. Quadrupole Rod Spacing 



easily corrected by the final grinding. A lapping block was made from the 50:1 
template which was used to handlap the hyperbolic surface to its final dimen- 
sion. The flatness of the finished rods over its entire length was measured 
to be better than 0.00015 inch. 

The second vendor manufactured the rods as follows: A crush roll or dressing 

tool was manufactured by using a 50:1 template of the hyperbolic contour. This 
crush roll was used to form a 24 inch diameter grinding wheel. With this 
grinding wheel the rods were ground on a temperature controlled crush grinding 
machine. The grinding wheel was periodically redressed by the crush roll to 
eliminate errors due to wheel wear. The same stress relief schedule was used 
as described before. The flatness of the finished rods by using this method 
was determined to be better than 0.0008 inch which is five times worse than the 
tolerance achieved by the method used by the other vendor. Consequently, the 
best four rods from the first vendor were selected and used for the quadrupole 
assembly. 

5.4 ASSEMBLY AND ALIGNMENT 


The first approach for aligning the rods relied upon using precision gauge 
blocks at each end of the rod assembly with a width and height of 2 r Q = 0.4000 
inch. The rod mounting screws were tightened until the correct spacing of the 
rods determined by the gauge blocks were achieved. During the alignment check, 
an alignment of only 0.001 was achieved, indicating that the poor alignment 
was probably due to the fact that two rods can slide in parallel to the other 
set of rods and still maintain the desired r Q established by the square gauge 
blocks. A second attempt was made to improve the alignment as follows. 

An alignment fixture in the form of a precision L-bracket was made. The four 
rods were assembled with Ruby washers and screws hand tight so that the indivi- 
dual rod could easily be moved. One rod was mounted to the L-bracket standing 
up. The high point of the hyperbola was determined under a high-powered micro- 
scope, Then the center line was established and the center of the rod assembly 
dialed on the traveling microscope by using the correct r dimension. The high 
point of the hyperbola on the adjacent rod was aligned perpendicular to the 
first centerline beginning at the rod assembly center by adjusting the table 
of the traveling microscope by the r c dimension. The second rod was then 
secured to the first rod. The same method was repeated to align the third and 
fourth rod. 

The rod assembly was then turned around and the alignment procedure pefformed 
on the other end. 

A check of the distance between one set of two opposing rods was found to be 
0.4000 inch and the distance between the other two rods to be 0.4002 inch. 

This was true for both ends of the rod assembly. Since checking the rod 
distances over the full length of the rods was impossible with the available 
tooling, it was assumed that the specified spacing was achieved over the 
entire length because the flatness of the single rods was measured to be 
better than 0.00015 inch. 
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This rod assembly was attached to the two mounting rings, as shown in Figure 5-4. 
The ion source installed to the free mounting ring and the source nozzle 
aligned to the center of the rods. The combined rod and source assembly was 
installed in the quadrupole housing. 

The system components as designed are shown in Figures 5-5 , 5-6, 5-7, and 5-8. 
Figure 5-5 shows a photograph of two of the hyperbolic rods. Figure 5-6 shows 
a photograph of the rods as assembled prior to installation into the quadrupole 
housing. Figure 5-7 is a photograph of the high pressure ion source as utilized 
in this analyzer, and Figure 5-8 shows a photograph of the analyzer and electron 
multiplier housings, and internal components. 
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FIGURE 5-7. High Pressure Ion Source 
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FIGURE 5-8. 


Quadrupole Analyzer Components 
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6 . 


TEST RESULTS -PHAS E IVB 


The test program carried out on the Phase IVB analyzer (hereafter referred to 
as the serial number 4B instrument) was a minimal checkout to establish oper- 
ating conditions for the instrument. Following this checkout, some investi- 
gations were carried oqt to analyze the performance capability of the hyperbolic 
quadrupole rods. 

The initial tuneup of fhe high pressure ion source was carried out using a new 
sample inlet system to avoid the contamination problems which occurred during 
the Phase IVA testing. This inlet system was composed of a sorption pumping 
system to which a direct sample was introduced. The sample pressure was moni- 
tored using a Varian Millitorr ionization gauge, which operates between 1 x 10“ b 
and 1 torr. The ion source was then connected directly to this high pressure 
inlet system. A schematic of this inlet system is shown in Figure 6-1. 

Tuneup data of the high pressure ion source proved to be much simpler and easier 
using this new inlet system. The control of the sample pressure was definite, 
and the pressure could read instantaneously off of a direct metered output. 

Following initial filament burn-in and placement of nominal potentials on the 
lenses, ion focusing data was taken as a function of the ion extraction po- 
tential, These data were taken using an N 2 sample with the quadrupole 

tuned to the m/e 28 peak. Collection of the m/e 28 current was then monitored 
at the input to the electron multiplier. A typical scan of the ion focusing 
results is shown in Figure 6-2. This scan is a plot of the m/e 28 ion current 
as a function of scanning the potential of one half of the ion focus split lens 
for various values of the potential on the other half of the lens. At the 
point of maximum sensitivity, where the output remains fairly flat, linearity 
plots of the I^g current versus pressure were then taken as a function of the 
ionizing electron energy. This was done to observe the linearity of the ion 
source with pressure for various electron energies. It was found that the 
linearity was nominally independent of electron energy, allowing a relatively 
high value in order to maximize the ionization probability and thereby the ion 
source sensitivity. A typical plot of the ion source linearity for N 2 is shown 
in Figure 6-3. The straight line at 45 degrees on the log-log plot corresponds 
to a linear change of output current versus sample pressure. As seen, the ion 
source linearity on this model extends to over 3 x 10~2 torr, and the ion source 
sensitivity is about 6 x 10“9 amperes/ torr for U2, using an ionizing electron 
current of 5 microamperes. 
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FIGURE 6-1. Sample Inlet System 
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FIGURE 6-2. Ion Focusing Data 
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FIGURE 6-3. Ion Source Linearity 





The ion source focal properties of the ion focusing system were also measured 
by computing the transmission efficiency of the ion current being focused 
through the nozzle. This transmission efficiency , ©, is computed from 


0 = 


S T + S Noz 


Where = ion source sensitivity of ions transmitted 
through the quadrupole 


£>Noz = ion source sensitivity of ions striking 
the nozzle 


For this ion source, the maximum transmission efficiency was found to be about 
91.5 percent, indicating that almost all the ions exiting the ion exit aperture 
of the ionizing region were being transmitted. 

The test program to evaluate the performance of the hyperbolic rods was then 
undertaken to establish the peak shape and resolving power. Initial tuning 
showed that poor peak shapes resulted, due to the ion source tuning. This 
showed that the angular output of the high pressure source is significantly 
higher than the dual filament ion source, so it was detuned in sensitivity to 
reduce its exit angles. Following this change, extensive tuning of the quad™ 
rupole was undertaken. These data have been submitted in the test data book 
accompanying the analyzer. Note, however, that a considerable improvement in 
analyzer performance resulted. 

Figure 6-4 shows a plot of a mass spectrum taken on an air sample using a 
logarithmic electrometer amplifier to obtain a high output dynamic range. 

Figure 6-5 shows a similar plot using a krypton sample. Here it is seen that 
separation is occurring between the m/e 41, 41.5, and 42 peaks created by the 
doubly charge species of m/e 82, 83, and 84 of the krypton spectra. The mass 
spectra of krypton in the m/e 80 ! s is shown in Figure 6-6. With a xenon sample 
admitted to the ion source, the resultant mass spectra is shown in Figure 6-7. 
The increased resolution gained by the use of hyperbolic rods is apparent as 
shorn in Figure 6-8, where Am/m = 1/90 was obtained. This contrasts with the 
previous values of Am/m - 1/33 as shown in Figure 4-1 earlier. The improved 
rod alignment plus the utilization of hyperbolically contoured rods has thus 
shown a direct influence on the obtainable performance of a small flyable 
mas s spec trome ter . 
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AIR SAMPLE 



FIGURE 6-4. Mass Spectrum Scan (Air Sample) 




RUN NO. 4 
K SAMPLE IN ASR 



FIGURE 6-5. Mass Spectrum Scan (Kr Sample In Air) 
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FIG01E 6-7. Xenon Spectrum Scan 
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FIGURE 6.8 Quadrupole Resolution 



7. 


CONCLUSION 


The development program described in this final report has resulted in extensive 
improvements in the performance which can be realized from a miniaturized quad- 
rupole mass spectrometer system. This Phase IV program has shown the results 
which can be gained with precision alignment of quadrupole rods, and the use of 
hyperbolic surfaces on the field-forming quadrupole electrodes. The resulting 
performance has been verified by test analyses. 

The hardware which has been developed has demonstrated the necessary performance 
to be employed for the analysis of planetary atmospheres on entry vehicles and 
in particular for the analysis of the Martian atmosphere on board the Viking 
entry capsule. The remaining task of designing this instrument into a more 
optimum mechanical configuration for this mission has been undertaken on 
contract NAS5-11185 and the results will be reported at the conclusion of 
that effort. 
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